Objective: Cystatin C (CysC) is a marker of kidney function that is relevant for the health and cognition of older adults. Little is known about the link between psychological factors and CysC. Therefore, the present study examined whether subjective age is related to CysC level and changes in CysC over time. Method: Participants were 5,066 individuals drawn from the Health and Retirement Study aged from 50 to 107 years (60% women, mean age = 69.36 years, SD = 9.54). They provided data on subjective age, demographic covariates, and CysC at baseline. CysC was assessed again 4 years later. Results: Analysis revealed that an older subjective age was related to higher level of CysC at baseline and to an increase in CysC over 4 years, controlling for demographic factors. An older subjective age was also related to higher risk of exceeding the clinical threshold of CysC at baseline and 4 years later. Additional analysis revealed that disease burden, depressive symptoms, physical inactivity, and BMI partly mediated these associations.
Cystatin C (CysC) is a low molecular mass protein produced by all human nucleated cells that function as a cysteine protease inhibitor. CysC has received substantial interest in recent years as a marker of glomerular filtration rate (GFR) and kidney function. The kidneys have an essential role in the excretory system by removing from blood nitrogenous wastes (urea, creatinine), excess minerals, and by regulating water level. Higher CysC concentrations are an indicator of poor GFR, renal dysfunction, and pathophysiological processes (Peralta et al., 2011; Shlipak et al., 2013) . Higher CysC has a range of deleterious implications for older individuals' health and cognition, including high blood pressure (Peralta, Whooley, Ix, & Shlipak, 2006) , anemia (Estrella et al., 2010) , poorer performance on measures of physical function (Odden et al., 2006) , increased risk of incident mobility disability (Liu et al., 2014) , frailty (Hart et al., 2013) , and cardiovascular disease (Shlipak et al., 2005) . Elevated CysC has also been associated with incident cognitive impairment and dementia (Slinin et al., 2015; Yaffe et al., 2014) and mortality (Hart et al., in press ). Given these implications, it is crucial to identify the factors associated with elevated CysC among older adults. Demographic, behavioral and healthrelated factors are related to kidney function (Muntner, Winston, Uribarri, Mann, & Fox, 2008; Odden et al., 2010; Robinson-Cohen et al., 2009 ). For example, older age, obesity, and physical inactivity are associated with higher CysC (Muntner et al., 2008; Odden et al., 2010; Robinson-Cohen et al., 2009 ). However, little is known about the role of psychosocial factors. Therefore, the present study aims to extend existing knowledge by examining whether subjective age, that is how old or young individuals feel relative to their chronological age, is related to CysC.
Chronological age is strongly associated with higher concentrations of CysC, even in the absence of clinical risk factors of kidney disease (Odden et al., 2010) . The aging process, however, is highly variable across individuals, and such variability is partly captured by subjective age (KotterGrühn, Kornadt, & Stephan, 2016) . Subjective age may be both a protective strategy and a biopsychosocial maker of aging. Feeling younger than one's age may be a self-protective strategy against negative stereotypes aging that are salient in society (Kornadt, Hess, Voss, & Rothermund, in press; Weiss & Lang, 2012) . Likewise, people who hold personal, positive future views of themselves as old individuals are more likely to feel younger than their age several years later (Kornadt et al., in press) . As a biopsychosocial marker of aging (Kotter-Grühn, Neupert, & Stephan, 2015; Stephan, Sutin, & Terracciano, 2015a) , a younger subjective age reflects better biological, physical and mental health (Kotter-Grühn et al., 2015; Stephan et al., 2015a) and fewer stressful experiences (Bellingtier, Neupert, & Kotter-Grühn, 2017; Kotter-Grühn et al., 2015) . A growing interest is directed toward this subjective experience of aging given its contribution to a range of health and cognitive outcomes across adulthood and old age. Specifically, an older subjective age is predictive of declines in physical health (Westerhof et al., 2014) , functional decline (Stephan, Sutin, & Terracciano, 2015b) , cognitive impairment and dementia (Stephan, Sutin, Luchetti, & Terracciano, in press) and culminates in higher mortality risk (Rippon & Steptoe, 2015) . Taken together, these studies suggest that subjective age is likely to relate to intermediate healthrelated biological markers such as CysC. Furthermore, subjective age is associated with behavioral and health-related profiles that have been directly linked to kidney dysfunction indexed by CysC in past research. Indeed, individuals who feel older than their age, for example, have higher body mass index (BMI) and waist circumference (Stephan, Caudroit, Jaconelli, & Terracciano, 2014; Stephan et al., 2015a) , which are associated with higher CysC (Muntner et al., 2008) . In addition, an older subjective age is related to higher likelihood of suffering from depressive symptoms (Choi & DiNitto, 2014) , which also increases risk of elevated CysC (Kop et al., 2011) . Finally, individuals who feel older are less physically active (Wienert, Kuhlmann, Fink, Hambrecht, & Lippke, 2016) , and physical inactivity has been related to kidney dysfunction and higher CysC (Robinson-Cohen et al., 2009 ). Taken together, these studies provide further support to a potential relationship between subjective age and CysC, and suggest that depressive symptoms, physical inactivity, BMI, and disease burden may act as mediators of this association.
The present study examines the relation between subjective age and CysC in a large longitudinal sample of older adults. Based on its association with worse physical and mental health (Westerhof et al., 2014) , and health-risk behavior such as physical inactivity (Wienert et al., 2016) , an older subjective age was expected to relate to higher level of CysC both concurrently and change over time, controlling for demographic factors. Furthermore, the extent to which depressive symptoms, physical inactivity, BMI and disease burden mediated these associations was also tested.
Method

Participants
Participants were drawn from the Health and Retirement Study (HRS). The HRS is a nationally representative longitudinal study of Americans aged 50 years and older and their spouses sponsored by the National Institute of Aging (Grant No. NIA U01AG009740) and conducted by the University of Michigan. Participants signed a consent form approved by the Institutional Review Board at the University of Michigan. A random one-half of the HRS sample was pre-selected for an enhanced face-to-face interview in 2006, including biomarkers measurements and a psychosocial questionnaire. The other half of the sample was tested in the 2008 wave, and the design is repeated in each subsequent wave. Given that subjective age was first assessed in the psychosocial questionnaire in 2008, the present study used the 2008 wave as the baseline measure of both subjective age and CysC. The second CysC measurement was obtained in 2012. With outliers on subjective age excluded, complete data on subjective age, CysC, and demographic factors were obtained at baseline from 5,066 participants (60% women, mean age = 69.36, SD = 9.54) and 85% white. Of these participants, 3,339 individuals had CysC data in 2012. Individuals with complete data at both waves were younger, t(5,064) = 13.92, p < .001, d = 0.40, more educated t(5,064) = 4.32, p < .001, d = 0.13, and felt younger, t(5,064) = 3.90, p < .001, d = 0.13 than individuals with incomplete data at follow-up. In addition, they had lower CysC, t(5,064) = 10.93, p < .001, d = 0.31, higher BMI, t(4,969) = 3.87, p < .001, d = 0.12, fewer depressive symptoms, t(5,046) = 4.49, p < .001, d = 0.13, lower disease burden, t(4,730) = 7.15, p < .001, d = 0.22, and were more physically active, t(4,963) = 8.17, p < .001, d = 0.25, than individuals without CysC data at follow-up. There was no sex difference, χ 2 (1, 5,066) = 2.39, p = .12 and no race difference between groups, χ 2 (1, 5,066) = 0.27, p = .61.
Measures
Subjective age
Participants were asked to report, in years, how old they felt. Proportional discrepancy scores were calculated by subtracting chronological age from felt age and then dividing by chronological age (Brothers, Miche, Wahl, & Diehl, in press; Eibach, Mock, & Courtney, 2010) . A negative score indicated a younger subjective age, whereas a positive score represented an older subjective age. Consistent with past research (Stephan et al., in press; Weiss & Freund, 2012) , participants with subjective age scores three standard deviations above or below the mean were considered outliers and excluded (n = 84).
Cystatin C Cystatin C was assayed from dried blood spots. A blood sample was obtained by pricking the participant's finger with a sterile lancet after cleansing the finger with an alcohol swab. A standard ELISA procedure was used to assay blood samples at the University of Vermont in 2008 and at the University of Washington in 2012 (Crimmins, Kim, McCreath, Faul, Weir, & Seeman, 2014) . The natural log was used to normalize the distribution. Severe kidney dysfunction was defined by values that exceed the clinical threshold of 1.55 mg/L.
Covariates
Demographic covariates were age, sex, race, and educational level. In an additional analysis, baseline disease burden, depressive symptoms, physical inactivity and BMI were also included as covariates to examine whether they accounted for the link between subjective age and CysC. Disease burden was the sum of diagnosed conditions (i.e., high blood pressure, diabetes, cancer, lung disease, heart condition, stroke, osteoporosis, and arthritis). The 8-item version of the Centers for Epidemiologic Studies Depression scale (Wallace et al., 2000) was used to assess depressive symptoms. Physical inactivity was computed as the average of frequency of vigorous and moderate activities using a scale ranging from 1 (more than once a week) to 4 (hardly ever or never). Finally, BMI was based on selfreported height and weight, calculated as kg/m 2 .
Data Analysis
We first examined the cross-sectional and longitudinal association between subjective age and CysC. Regression analyses were conducted with CysC as the dependent variable and subjective age as the independent variable. The basic model tested the association between baseline subjective age and baseline CysC, controlling for demographic factors (age, sex, education, and race). To test whether subjective age was associated with change in CysC over the follow-up, the analysis was repeated with CysC at follow-up as the dependent variable and subjective age as the predictor, controlling for demographic factors and baseline CysC. For both the cross-sectional and longitudinal analyses, we tested whether the association between subjective age and CysC was moderated by the demographic factors. We next added disease burden, depressive symptoms, physical inactivity, and BMI to the basic model to test whether they accounted for the association between subjective age and CysC in both the cross-sectional and longitudinal analyses. Bootstrap analysis (Preacher & Hayes, 2008) using 5000 bootstrapped samples and 95% bias-corrected confidence intervals was used to formally test whether disease burden, depressive symptoms, physical inactivity, and BMI mediated the relation between subjective age and CysC both at baseline and over time. Third, we used logistic regressions to test whether subjective age was associated with risk of CysC above the clinical threshold of 1.55 mg/L at baseline. The same analysis was conducted to test whether baseline subjective age was related to values above the clinical threshold of 1.55 mg/L at follow-up among participants with CysC concentrations below this clinical cutoff at baseline. Finally, supplemental analysis were conducted to test whether CysC at baseline was associated with changes in subjective age over the follow-up and whether there were correlated changes in CysC and subjective age over time, controlling for covariates.
Results
Descriptive statistics are presented in Table 1 . Consistent with our hypothesis, the regression analysis revealed that subjective age was associated with higher CysC, controlling for the demographic factors (Table 2 ). This association was also observed without the covariates included in the analysis (β = 0.12, p < .001). The effect size of this association was stronger than the effect size of sex, education, and race. As an illustration, two groups were created: Individuals with subjective age value 1 SD over the sample average (i.e., an older subjective age; n = 1,181, age range: 50-97 years) and those with subjective age values 1 SD below the average (i.e., a younger subjective age; n = 790, age range: 50-100 years). Individuals with an older subjective age had an almost 11% higher raw CysC concentration than those with a younger subjective age, controlling for the demographic factors (d = 0.20). Subjective age was also related positively to change in CysC over time, controlling for the demographic factors (Table 2) : Participants with an older subjective age at baseline increased more in CysC over 4 years relative to participants with a younger subjective age. Individuals with a 1SD older subjective age had an almost 23% stronger increase in raw CysC concentration compared to those with a 1SD younger subjective age (d = 0.09). The association between subjective age and change in CysC was significant when the covariates were excluded (β = 0.04, p < .01). None of the demographic factors moderated the association between subjective age and either baseline CysC or change in CysC over the follow-up. In the model that adjusted for clinical and behavioral factors related to CysC (disease burden, depressive symptoms, physical inactivity, and BMI), the association between subjective age and CysC was reduced by more than half but remained significant (Table 2 ). Higher BMI, physical inactivity, and disease burden were related to higher level of CysC. Bootstrap analysis revealed that the association between subjective age and CysC at baseline was partially mediated by disease burden (point estimate = 0.06, 95% CI = 0.04, 0.08), physical inactivity (point estimate = 0.03, 95% CI = 0.02, 0.04), and BMI (point estimate = 0.02, 95% CI = 0.01, 0.03) but not depressive symptoms (point estimate = 0.00, 95% CI = −0.01, 0.02). The association between subjective age and increases in CysC over time, however, was reduced to non-significance when the clinical and behavioral factors were included in the analysis (Table  3 ). Bootstrap analysis revealed that disease burden (point estimate = 0.03, 95% CI = 0.02, 0.04) and BMI (point estimate = 0.01, 95% CI = 0.002, 0.02) mediated the relation between subjective age and change in CysC; physical inactivity (point estimate = 0.01, 95% CI = −0.00, 0.02) and depressive symptoms (point estimate = 0.01, 95% CI = −0.01, 0.02) did not mediate this association.
The logistic regression indicated that a 1SD older subjective age was related to a 33% higher likelihood of exceeding the CysC clinical threshold of 1.55 mg/L (Table 3 ). This association remained significant when the clinical and behavioral covariates were included in the analysis. An older subjective age at baseline was also related to a higher likelihood of exceeding the clinical threshold of CysC 4 years later among participants with values in the normal range at baseline (see Table 3 ). Specifically, a 1SD older subjective age was related to a 12% higher risk of CysC concentrations above the clinical threshold at follow-up, controlling for the demographic factors. This association, however, was reduced to nonsignificant when the clinical and behavioral covariates were added to the analysis.
Finally, we tested whether baseline CysC was related to change in subjective age over time, controlling for the demographic, clinical and behavioral factors. There was no significant association between baseline CysC and change in subjective age (Supplementary Table S1 ). In addition, there was no correlation between residual change scores for subjective age and CysC (r = −.03, ns).
Discussion
In a large longitudinal sample of older adults, this study found that an older subjective age is associated with higher concentrations of CysC both concurrently and over a 4-year period. An older subjective age was also related to higher risk of exceeding the clinical threshold of CysC at baseline and over time among individuals with normal values at baseline. This study extends existing knowledge by providing new evidence about a psychological factor associated with the average level of CysC and change over 4 years and adds to the literature on the health correlates of subjective age. It is the first to identify an association between subjective age and changes in biological functioning over time.
The mechanisms that underlie the association between an older subjective age and higher risk of kidney dysfunction may include both clinical and behavioral pathways. Feeling older is related to more depressive symptoms (Choi & DiNitto, 2014) , higher BMI (Stephan et al., 2014) and physical inactivity (Wienert et al., 2016) , which are also related to elevated CysC (Kop et al., 2011; Muntner et al., 2008; Robinson-Cohen et al., 2009) . Consistent with these studies, the mediation analysis revealed that higher BMI, physical inactivity, and disease burden, but not depressive symptoms partially accounted for this association. Other mechanisms are also likely to explain this association. An older subjective age, for example, is related to higher systemic inflammation (Stephan, Sutin, & Terracciano, 2015c) , which is associated with kidney disease (Kochi, Kohagura, Shiohira, Iseki, & Ohya, 2016 ) and higher CysC (Keller et al., 2007) . In addition, the subjective evaluation of one's age is sensitive to the biological aging of critical systems and to undiagnosed conditions (Stephan et al., 2015a ) that may convert into kidney dysfunction over time. The identification of an association between subjective age and CysC highlights a potential biological pathway through which subjective age may contribute to a range of age-related outcomes. Since higher CysC has been associated with functional limitations (Odden et al., 2006) , impaired cognition (Slinin et al., 2015) , and mortality (Hart et al., in press) , it is possible that an older subjective age may contribute to functional decline (Stephan et al., 2015b) , dementia-related outcomes (Stephan et al., in press), and mortality risk (Rippon & Steptoe, 2015) through higher CysC.
The present study has several strengths, including a large sample with a longitudinal follow-up and control of several covariates. This research also has some limitations. The observational nature of the present study limits the causal interpretation. Even if causal claims cannot be made, the longitudinal findings suggest the potential temporal ordering of the variables. That is, there was no evidence that CysC at baseline predicts subjective age at follow-up, which suggests that subjective may contribute to CysC but not the other way around. The relationships between subjective age and behavioral and health-related factors were assessed cross-sectionally. Although the mediational model tested is theoretically supported, these associations are also likely to be bidirectional. Therefore, the causal role of the mediators identified in this study cannot be determined (see Fiedler, Schott, & Meiser, 2011) . Future research with more than two waves of measurement is needed to provide an in-depth examination of the mediating role of behavioral and health-related factors as well as of their changes in the link between subjective age and changes in CysC. The positive selection of participants may limit the generalizability of the present results because participants with follow-up CysC data felt younger and had more favorable health and behavioral profiles than those without longitudinal data. It is possible, however, that the association may be even stronger among individuals with a worse profile. In addition, future research must examine additional mediators of the subjective age-CysC relationship. Despite these limitations, the present study provides new evidence on the role of subjective age as a psychological marker associated with individuals' risk of kidney dysfunction, an association beyond chronological age.
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